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Introduction 
This supporting information file includes both details on methodology associated with 
parameterizing NCAR’s WRF model and the Noah-MP Land Surface model, and all the sub-
regional results not presented in the main text.  
  
WRF Model Set-up 
The WRF model allows the user to select from a variety of physics options that represent 
various aspects of physical processes and dynamics in the atmosphere. We are using the physics 
suite of options previously determined to best simulate regional climate over Brazil (Spera et al. 
2018, STable 1, STable 2). Our modifications to the WRF model tables are below.  
 
STable 1. WRF simulation parameters 
Scheme Selection 
Microphysics WSM6 
Longwave radiation  RRTMG 
Shortwave radiation RRTMG 
Cumulus parametrization Grell 3D 
Surface Layer Revised MM5 
PBL YSU 
 
STable 2. Modified leaf area index (LAI), canopy height, and rooting level depth in WRF’S MPTABLE.TBL parameters,  
USGS Cat. Number 13* 2 3 10* 11 
Spera Cat Label Tropical 
Rainforest  
















Jul LAI 5.0 0.5 0.6 1.1 1.5 
Aug LAI 5.0 0.5 0.4 0.9 1.5 
Sept LAI 5.0 0.5 0.4 0.9 1.7 
Oct LAI 5.0 0.5 0.4 1.0 2 
Nov LAI 5.0 0.9 1.1 1.2 2.5 
Dec LAI 5.0 1.1 3.8 1.5 2.6 
Jan LAI 5.0 3.5 3.3 1.5 2.9 
Feb LAI 5.0 4.4 0.9 1.7 2.6 
Mar LAI 5.0 2.2 1.2 1.6 2.5 
Apr LAI 5.0 1.0 3.2 1.8 2 
May LAI 5.0 1.4 3.3 1.5 1.5 
Jun LAI 5.0 0.8 1.3 1.3 1.5 
Canopy Height (m) 30 .5 .5 3  20 
Rooting Depth 
Level 
4 2 2 4 4 
STable 3. Modified SOILPARM.TBL parameters in the WRF climate model. 
Soil Type 
Modified Max Soil 
Moisture Content 
Value 
Loamy Sand 0.221 
Sandy Loam 0.234 
Loam 0.239 
Sandy Clay Loam 0.204 
Silty Clay Loam 0.264 




SFigure 1.  Purple box is our WRF domain. The big red rectangle is our region of interest (17,768 grid cells), with our 
four subregions: 1) the Mato Grosso Amazon-Cerrado transition (MT, 464 grid cells); 2) southwestern Mato Grosso 
and southern Goiás (MT/GO; 338 grid cells); 3) Tocantins (TO; 345 grid cells); and 4) western Bahia, southern 




Brazil before land clearing BzBLC/CeAzOG 
Brazil 2016 Bz16 
Cerrado in single cropping CeSC 
Cerrado in double cropping CeDC 
Amazon deforestation arc in single 
cropping 
AzSC 
Amazon deforestation arc in double 
cropping 
AzDC 
STable 4. Land Cover Scenario abbreviations.  
Model Bias 
Results from Spera et al. (2018) demonstrating the inclusion of accurate land-cover datasets 
results in model output more similar to observational data.  
 
 
SFigure 2.  (a and b) Box plots of the observed (MODIS) evapotranspiration (dark green), (c and d) (CRU) 
temperature (dark red), and (e and f) (CRU) precipitation (dark blue) and WRF modeled temperature, precipitation, 
and evapotranspiration over the growing season in grid‐cells characterized by (a, c, and e) and double‐cropping 
rotations (b, d, and f). Note that these results are the spatial average across our study area of interest (white box, 
Figure 1). The yellow diamonds signify months where the bootstrapped 95% confidence intervals of observed and 
modeled improved land cover (IALU) results overlap. The yellow circles signify months where the bootstrapped 95% 








Not Presented in Main Text by Region 
Whole Region of Interest 
 
SFigure 3. Seasonal cycles of a) minimum temperature and b) maximum temperature spatially averaged over the 
whole region of interest (white box in Figure 1a). The solid lines represent mean monthly values, and the shaded area 
represents bootstrapped 95% confidence intervals. 
 
SFigure 4. Estimation plots of a) annual evapotranspiration and b) September, October, and November 
evapotranspiration. Each point in the scatter plot represents the spatial average over the whole region of interest for 
the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). 
Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a difference (mm) in distribution means. 
 
SFigure 5. Estimation plots of the start of the rainy season (left) and end of the rainy season (right), both defined as 
the number days after Aug 1. Each point in the scatter plot represents the spatial average over the whole region of 
interest for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size 





SFigure 6. Estimation plots of September-October precipitation (mm). Scatterplots of each land-cover scenarios  for 
each year (top) and bootstrapped 95% confidence intervals of the effect size (bottom). Each point in the scatter plots 
represents the spatial average over the whole region for the 15 (2001-2015) harvest years (top), with bootstrapped 
95% confidence intervals of effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a 
difference (mm) in distribution means. 
 
SFigure 7. The average number of soy hot days (40°C+ days) per month. The solid lines represent mean monthly 
values, and the shaded area represents bootstrapped 95% confidence intervals. 
 
 
SFigure 8. The average number of maize warm nights (24°C+ nights) per month. The solid lines represent mean 
monthly values, and the shaded area represents bootstrapped 95% confidence intervals. 
 
SFigure 9. The average number of maize hot days (35°C+ nights) per month. The solid lines represent mean monthly 
values, and the shaded area represents bootstrapped 95% confidence intervals. Note, we define the maize growing 
season from January 15 – August 15.  
 
 
SFigure 10. Average amount of evapotranspiration (mm) per month. The solid lines represent mean monthly values, 
and the shaded area represents bootstrapped 95% confidence intervals.  
 
 
SFigure 11. Estimation plots of a) annual precipitation and b) September-October precipitation in the Tocantins sub-
region.  Each point in the scatter plot represents the spatial average over the Tocantins sub-region for the 15 (2001 – 
2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). CeAzOg = BzBLC in 
main text. ‘Mean difference’ refers to a difference (mm) in distribution means. 
 
 
SFigure 12. Seasonal maps of the average precipitation change, in percent, between Bz16 and BzBLC scenarios 
between 2001-2015 harvest years in each grid cell. Stippled areas highlight where the percent change is greater than 




SFigure 13. Seasonal maps of the average precipitation change, in percent, between CeSC and BzBLC scenarios (left) 
and CeDC and BzBLC scenarios (right) between 2001-2015 harvest years in each grid cell. Stippled areas highlight 




SFigure 14. Seasonal maps of the average precipitation change, in percent, between AzSC and BzBLC scenarios (left) 
and AzDC and BzBLC scenarios (right) between 2001-2015 harvest years in each grid cell. Stippled areas highlight 
where the percent change is greater than 95% of the variance of BzBLC precipitation between 2001-2015 in each grid 
cell. 
 
Mato Grosso Cerrado-Amazon Boundary 
 
SFigure 15. Seasonal cycles of evaporative fraction (left), minimum temperature (middle) and maximum temperature 
(right) across scenarios: blue – BzBLC; yellow – Bz16; green – CeSC, red – CeDC; pink – AzSC, purple – AzDC. The 
solid lines represent mean monthly values, and the shaded area represents bootstrapped 95% confidence intervals.  
 
 
SFigure 16. Estimation plots of the start of the rainy season (left) and end of the rainy season (right) – both defined as 
the number days after Aug 1. Each point in the scatter plot represents the spatial average over the Mato Grosso 
Amazon-boundary sub-region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence 
intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a difference 
(number of days after Aug 1) in distribution means. 
 
 
SFigure 17. Estimation plots of annual precipitation (mm, left) and September-October precipitation (mm, right). 
Each point in the scatter plot represents the spatial average over the Mato Grosso Amazon-boundary sub-region for 
the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). Note 
CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a difference (mm) in distribution means. 
 
 
SFigure 18. Estimation plots of annual evapotranspiration (mm, left) and June, July, August evapotranspiration (mm, 
right). Each point in the scatter plot represents the spatial average over the Mato Grosso Amazon-boundary sub-
region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size 
(bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a difference (mm) in distribution means. 
 
 
SFigure 19. Estimation plots of the number of days in the corn growing season (Jan – Aug) with minimum 
temperatures above 24°C (left) and maximum temperatures above 35°C (right). Each point in the scatter plot 
represents the spatial average over the Mato Grosso Amazon-boundary sub-region for the 15 (2001 – 2015) harvest 
years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in main 
text. ‘Mean difference’ refers to a difference (number of days) in distribution means. 
 
SFigure 20. Estimation plot of the number of days in the soy growing season (Sept – June) with maximum 
temperatures above 40°C.  Each point in the scatter plot represents the spatial average over the Mato Grosso 
Amazon-boundary sub-region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence 
intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a difference 
(number of days) in distribution means. 
 
 
SFigure 21. Estimation plot of absorbed shortwave radiation (W/m2). Each point in the scatter plot represents the 
spatial average over the Mato Grosso Amazon-boundary sub-region for the 15 (2001 – 2015) harvest years (top), with 
bootstrapped 95% confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean 






Southwestern Mato Grosso and southern Goiás 
  
SFigure 22. Seasonal cycle of minimum temperature across scenarios: blue – BzBLC; yellow – Bz16; green – CeSC, red 
– CeDC; pink – AzSC, purple – AzDC. The solid lines represent mean monthly values, and the shaded area 
represents bootstrapped 95% confidence intervals. 
 
 
SFigure 23. Estimation plots of the start of the rainy season (left) and end of the rainy season (right) – both defined as 
the number days after Aug 1st. Each point in the scatter plot represents the spatial average over the southwestern 
Mato Grosso-southern Goiás sub-region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% 
confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a 
difference (number of days after Aug 1) in distribution means. 
 
 
SFigure 24. Estimation plots of annual precipitation (mm, left) and September-October precipitation (mm, right). 
Each point in the scatter plot represents the spatial average over the southwestern Mato Grosso-southern Goiás sub-
region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size 




SFigure 25. Estimation plots of annual evapotranspiration (mm, left) and June, July, August evapotranspiration (mm, 
right). Each point in the scatter plot represents the spatial average over the southwestern Mato Grosso-southern 
Goiás sub-region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect 
size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to an difference (mm) in distribution 
means. 
 
SFigure 26. Estimation plots of the number of days in the corn growing season (Jan – Aug) with minimum 
temperatures above 24°C (left) and maximum temperatures above 35°C (right). Each point in the scatter plot 
represents the spatial average over the southwestern Mato Grosso-southern Goiás sub-region for the 15 (2001 – 2015) 
harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in 
main text. ‘Mean difference’ refers to a difference (number of days) in distribution means. 
 
 
SFigure 27. Estimation plot of the number of days in the soy growing season (Sept – June) with maximum 
temperatures above 40°C.  Each point in the scatter plot represents the spatial average over the southwestern Mato 
Grosso-southern Goiás sub-region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence 
intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a difference 
(number of days) in distribution means. 
 
 
SFigure 28. Estimation plot of the absorbed shortwave radiation (W/m2). Each point in the scatter plot represents the 
spatial average over the southwestern Mato Grosso-southern Goiás sub-region for the 15 (2001 – 2015) harvest years 
(top), with bootstrapped 95% confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. 




SFigure 29. Seasonal cycle of minimum temperature across scenarios: blue – BzBLC; yellow – Bz16; green – CeSC, red 
– CeDC; pink – AzSC, purple – AzDC. The solid lines represent mean monthly values, and the shaded area 
represents bootstrapped 95% confidence intervals. 
 
SFigure 30. Estimation plots of the start of the rainy season (left) and end of the rainy season (right) – both defined as 
the number days after Aug 1st. Each point in the scatter plot represents the spatial average over the Tocantins sub-
region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size 




SFigure 31. Estimation plots of annual precipitation (mm, left) and September-October precipitation (mm, right). 
Each point in the scatter plot represents the spatial average over the Tocantins sub-region for the 15 (2001 – 2015) 
harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in 
main text. ‘Mean difference’ refers to a difference (mm) in distribution means. 
 
 
SFigure 32. Estimation plots of annual evapotranspiration (mm, left) and June, July, August evapotranspiration (mm, 
right). Each point in the scatter plot represents the spatial average over the Tocantins sub-region for the 15 (2001 – 
2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). Note CeAzOg = 
BzBLC in main text. ‘Mean difference’ refers to a difference (mm) in distribution means. 
 
SFigure 33. Estimation plots of the number of days in the corn growing season (Jan – Aug) with minimum 
temperatures above 24°C (left) and maximum temperatures above 35°C (right). Each point in the scatter plot 
represents the spatial average over the Tocantins sub-region for the 15 (2001 – 2015) harvest years (top), with 
bootstrapped 95% confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean 
difference’ refers to a difference (number of days) in distribution means. 
 
 
SFigure 34. Estimation plot of the number of days in the soy growing (Sept-June) season with maximum 
temperatures above 40°C. Each point in the scatter plot represents the spatial average over the Tocantins sub-region 
for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). 
Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a difference (number of days) in distribution means. 
 
SFigure 35. Estimation plot of absorbed shortwave radiation (W/m2). Each point in the scatter plot represents the 
spatial average over the Tocantins sub-region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% 
confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a 
difference (W/m2) in distribution means. 
 
Western Bahia, southern Maranhão, and southern Piauí 
 
SFigure 36. Seasonal cycle of minimum temperature across scenarios: blue – BzBLC; yellow – Bz16; green – CeSC, red 
– CeDC; pink – AzSC, purple – AzDC. The solid lines represent mean monthly values, and the shaded area 
represents bootstrapped 95% confidence intervals. 
 
SFigure 37. Estimation plots of the start of the rainy season (left) and end of the rainy season (right) – both defined as 
the number days after Aug 1st. Each point in the scatter plot represents the spatial average over the MaPiBa sub-
region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size 
(bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a difference (number of days after Aug 1) in 
distribution means. 
 
SFigure 38. Estimation plots of annual precipitation (mm, left) and September-October precipitation (mm, right). 
Each point in the scatter plot represents the spatial average over the MaPiBa sub-region for the 15 (2001 – 2015) 
harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in 




SFigure 39. Estimation plots of annual evapotranspiration (mm, left) and June, July, August evapotranspiration (mm, 
right). Each point in the scatter plot represents the spatial average over the MaPiBa sub-region for the 15 (2001 – 2015) 
harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom).  Note CeAzOg = BzBLC in 
main text. ‘Mean difference’ refers to a difference (mm) in distribution means. 
 
SFigure 40. Estimation plots of the number of days in the corn growing season (Jan – Aug) with minimum 
temperatures above 24°C (left) and maximum temperatures above 35°C (right). Each point in the scatter plot 
represents the spatial average over the MaPiBa sub-region for the 15 (2001 – 2015) harvest years (top), with 
bootstrapped 95% confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean 
difference’ refers to a difference (number of days) in distribution means. 
 
 
SFigure 41. Estimation plot of the number of days in the soy growing season (Sept – June) with maximum 
temperatures above 40°C.  Each point in the scatter plot represents the spatial average over the MaPiBa sub-region 
for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% confidence intervals of the effect size (bottom). 
Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a difference (number of days) in distribution means. 
 
SFigure 42. Estimation plot of absorbed shortwave radiation (W/m2). Each point in the scatter plot represents the 
spatial average over the MaPiBa sub-region for the 15 (2001 – 2015) harvest years (top), with bootstrapped 95% 
confidence intervals of the effect size (bottom). Note CeAzOg = BzBLC in main text. ‘Mean difference’ refers to a 





SFigure 43. Correlation plots of predicted vs. observed maize (left) and soy (right) yield for the 36 (soy-67) 
microregions included in the random forest crop models. Predicted values are calculated using an “Out-of-Bag” 
(OOB) approach. Evaluation metrics shown are the root mean square error (RMSE), the coefficient of determination 





SFigure 44. Accumulated Local Effect (ALE) plots (green lines) and cumulative probability curves (purple shading) 
for the five climate variables included in the statistical random forest maize crop model. From upper left to bottom 
right, variables are average maximum temperature during the growing season (TxGs), average minimum 
temperature during the growing season (TnGs), total precipitation during the growing season (PrGs), number of 
days with minimum temperature greater than 24°C (maize warm night), and number of days with maximum 





SFigure 45. Accumulated Local Effect (ALE) plots (green lines) and cumulative probability curves (purple shading) 
for the three non-climate variables included in the statistical random forest maize crop model. From left to right, 
variables are: year of reported yield (Year), average latitude in municipality (Lat), and average longitude in 
municipality (Lon).  
 
SFigure 46. Left: Violin plots of the percent difference between predicted maize yield the original land use scenario 
(BzBLC) and each of the counterfactual climate scenarios. Right: Estimation plot of corn yields (kg/ha). Scatterplots of 
each land-cover scenarios (top) and bootstrapped 95% confidence intervals of the effect size (bottom).  
 
 
SFigure 47. Same as SFigure 44, but for Soy. Accumulated Local Effect (ALE) plots (green lines) and cumulative 
probability curves (purple shading) for the five climate variables included in the statistical random forest soy crop 
model. From upper left to bottom right, variables are average maximum temperature during the growing season 
(TxGs), average minimum temperature during the growing season (TnGs), total precipitation during the growing 
season (PrGs), number of days with minimum temperature greater than 24°C, and number of days with maximum 
temperature above 35°C. 
 
 
SFigure 48. Same as SFigure 45, but for Soy. Accumulated Local Effect (ALE) plots (green lines) and cumulative 
probability curves (purple shading) for the three non-climate variables included in the statistical random soy forest 
crop model. From left to right, variables are: year of reported yield (Year), average latitude in municipality (Lat), and 
average longitude in municipality (Lon).  
 
 
SFigure 49. Same as SFigure 46, but for Soy. Left: Violin plots of the percent difference between predicted soy yield 
the original land use scenario (BzBLC) and each of the counterfactual climate scenarios. Right: Estimation plot of soy 
yields (kg/ha). Scatterplots of each land-cover scenarios (top) and bootstrapped 95% confidence intervals of the effect 
size (bottom).  
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